Abstract: Nucleocytoplasmic large dsDNA viruses (NCLDVs) encompass an ever-increasing group of large eukaryotic viruses, infecting a wide variety of organisms. The set of core genes shared by all these viruses includes a major capsid protein with a double jelly-roll fold forming an icosahedral capsid, which surrounds a double layer membrane that contains the viral genome. Furthermore, some of these viruses, such as the members of the Mimiviridae and Phycodnaviridae have a unique vertex that is used during infection to transport DNA into the host.
Introduction
The characterization of Mimivirus, which was initially identified as a small bacterium, has led to a substantial increase in the number of characterized large viruses (La Scola et al., 2003) . The size of Mimivirus particles (0.75 μm) broke the notion established by Pasteur and Chamberland in 1884 that viruses are filterable agents, meaning that they can pass through a 0.45-to 0.20-μm filter and remain infectious. Applying this criterion excluded many large viruses from metagenomic studies. During the last two decades, the application of less stringent isolation techniques and improvements of isolation protocols for viruses infecting amoeba have led to the discovery of many large viruses, especially in aquatic environments (Ghedin and Claverie, 2005; Boyer et al., 2009; Fischer et al., 2010; Thomas et al., 2011; Aherfi et al., 2013; Clouthier et al., 2013) . In combination with improvements in sequencing technologies such as pyrosequencing, this allows for fast and effective analysis of the large genomes associated with these viruses and their subsequent classification based on similarities of genetic markers. Almost all of the viruses described by these techniques belong to the group of nucleocytoplasmic large dsDNA viruses (NCLDVs) (Iyer et al., 2001 ). Members of this clade infect animals and eukaryotes and encompass members of the Asfarviridae, Ascoviridae, Iridoviridae, Poxviridae, Mimiviridae, Phycodnaviridae , and the proposed family of Marseilleviridae (Colson et al., 2013b) (Table 1 ). It has recently been proposed to group these viruses into the order of Megavirales (Colson et al., 2013a) .
Some of the NCLDVs have larger genomes than small unicellular organisms. For example, the genomes of Pandoravirus salinus (the largest virus known to date), Mimivirus (a virus infecting amoeba), and CroV (Cafeteria roenbergensis virus, a virus infecting marine zooplankton) are 2.5, 1.2, and 0.75 Mbp, respectively (Raoult, 2004; Fischer et al., 2010; Philippe et al., 2013) . The genome of all of these viruses is significantly larger than that of the smallest known organism, Mycoplasma genitalium, which has a size of 0.58 Mbp (Su and Baseman, 1990) . Many of the genes encoded by these viruses show little or no similarity to known proteins from other organisms. For example, only about 24% of the genes present in Mimivirus and 16% of the ones present in Pandoravirus salinus have known homologues in bacteria, archea, and eukaryotes (Raoult, 2004; Philippe et al., 2013) . Furthermore, these viruses encode many genes that are commonly associated with a cellular lifestyle, such as tRNA synthetases or nucleotide kinases. The reason for this repertoire of genes is not clear, and there is an ongoing debate about whether these viruses are degenerated cells that lost some of their cellular functions or superviruses that acquired many genes from microorganisms that cohabitate in amoeba (Raoult, 2004; Filée et al., 2008; Moreira and Brochier-Armanet, 2008; Abergel, 2009, 2010) .
Another remarkable feature that has not been associated with viruses historically is the presence of so-called virophages for some of these viruses. Virophages need to coinfect cells with their host virus to successfully propagate, thereby interfering with the infection process and reducing the yield of the host virus. This is similar to satellite viruses, and there is an ongoing debate as to whether these two categories should exist or should be combined (Krupovic and Cvirkaite-Krupovic, 2011; Desnues and Raoult, 2012) .
Virus shape and major capsid protein
Viruses need to protect their genome between infections from extracellular and intracellular factors, without sacrificing too much of their limited coding capacity for structural proteins. Many roughly spherical shaped viruses, including most members of the NCLDVs, achieve this goal by an icosahedral arrangement of their subunits. As first hypothesized by Crick and Watson (1956) , such an icosahedral shell can be formed by 60 subunits, with the capsomers making equivalent contacts. To form larger structures, the number of subunits has to be increased, but then not all subunits can have equivalent environments. Instead they have quasi-equivalent environments, a concept established by Caspar and Klug (1961) . Larger icosahedral viruses can essentially be constructed by pentamers and hexamers, with the hexamers occupying the relatively flat side of a triangular facet and the pentamers occupying the twelve 5-fold vertices, introducing the necessary curvature to form a closed shell. The number of units in an icosahedron can be described by the triangulation number T, which is equivalent to T = h 2 +hk+k 2 with h and k being the number of subunits necessary to go from one pentameric vertex to the next in a hexagonal planar lattice arrangement (Figure 1 ). Therefore, the number of subunits in each icosahedral virus is equivalent to 60T.
The two common motifs associated with capsid proteins are the HK97 fold (Wikoff et al., 2000; Helgstrand et al., 2003) and the jelly-roll fold (Rossmann and Johnson, 1989) . The HK97 fold is exclusively utilized by tailed bacteriophages, with the exception of herpesvirus , whereas all NCLDVs have capsid proteins composed of a jelly-roll fold. The jelly-roll fold was first described in small RNA plant (Harrison et al., 1978; Abad-Zapatero et al., 1980) and animal viruses (Hogle et al., 1985; Rossmann et al., 1985) and is composed of a wedge-shaped, eight-stranded, anti-parallel β-barrel. If the β-strands along the capsid protein polypeptide chain are identified as A, B, C, D, E, F, G, H, and I, then the two β-sheets in this fold are composed of the strands BIDG and CHEF ( Figure 2 ).
The hexameric positions in capsids of the NCLDVs are occupied by trimers in which each monomer is formed by the consecutive arrangement of two jelly-roll folds, producing an overall hexagonal shape. The pentameric positions are occupied by five copies of a separate protein that is composed of a single jelly-roll motif and assembled into a pentamer (Figure 1 ).
The core structure of the double jelly-roll protein in all NCLDVs is conserved and forms the base of the capsid protein with a height of 75 Å and a diameter of 75-85 Å. A variable part of this protein is found on the surface and is formed by insertions between β-strands DE and FG. Probably the largest insertions that occur in a double jelly-roll protein are the towers in the adenovirus major capsid protein (MCP) (Figure 2 ).
Almost all large dsDNA viruses package their capsomers in a hexagonal close arrangement with planar p6 symmetry of the capsomers. The number of single jellyrolls can be calculated by multiplying the T number of the capsid by 60. However, there are two known exceptions to this rule. One is the structure of the Poxvirus scaffolding protein D13 (Bahar et al., 2011; Hyun et al., 2011) (Figure  1 ). Although this protein is not part of the mature virion, it forms a hexagonal array around the viral genome during assembly. This hexagonal array has a hole at every third position in the array and is therefore equivalent to a p3 planar arrangement. Second, the 65-Å resolution structure of Mimivirus implies that the same is also true for this virus ). Because of this packaging arrangement, the number of jelly-rolls in Mimivirus is lower than expected and is equal to 2/3 × T × 60 (Figure 1) . Because of the limited resolution, it is currently impossible to exactly determine the T number of Mimivirus, but it is likely to be between 972 and 1200 (h = 19 ± 1, k = 19 ± 1).
Although the T number established by Caspar and Klug describes the arrangement of capsomers in small capsids, it can be difficult to describe the structure of large viruses using this concept. As first observed by Wrigley (1969) in negative stain images of Sericesthis iridescent virus, most if not all large viruses possess ordered substructures in their capsid. These substructures were observed by Wrigley in virus preparations as degradation products after prolonged storage (Wrigley, 1969) . They can also be observed in cryo-electron microscopy (cryo-EM) reconstructions of these viruses (Yan et al., 2000 (Yan et al., , 2005 . These substructures, which are also potential building blocks, are centered on the 3-and 5-fold axes and are termed trisymmetrons and pentasymmetrons, respectively. All NCLDVs described to date can be split into 20 trisymmetrons and 12 pentasymmetrons (Yan et al., 2005) . Remarkably, the size of the pentasymmetrons in Paramecium bursaria Chlorella virus 1 (PBCV-1), Chilo iridescent virus (CIV), and Phaeocystis pouchetti virus (PpV01) is exactly the same and comprises 30 trimers and 1 pentamer, implying that this is the ideal size to relieve the strain induced by forming a large capsid. The number of trimers in the trisymmetron varies from 91 in PpV01 (Yan et al., 2005) to 66 in PBCV-1 (Nandhagopal et al., 2002; Zhang et al., 2011) and 55 in CIV ).
Minor capsid proteins
High-resolution structures of CIV ) and PBCV-1 showed that these viruses have a variety of minor capsid proteins. These proteins can be found underneath the MCP layer and can be broadly classified into two categories: (1) support of the viral capsid shell and connectivity at the "seam" of neighboring trisymmetrons and (2) connection between the outer shell and the inner membrane surrounding the viral genome.
Some of the minor proteins described in CIV or PBCV-1 seem to act as a scaffold to connect capsomers within a trisymmetron and between neighboring trisymmetrons (Cherrier et al., 2009; Yan et al., 2009; Zhang et al., 2011) . Some of these minor proteins are missing from the unique vertex of PBCV-1 , which may help the virus to partially disassemble upon binding to the host cell wall. This supports the hypothesis that these proteins are necessary for stability. In CIV, no such differential distribution has been observed, probably because no unique vertex has been identified in this virus. Another possible function of the proteins that interconnect capsomers could be the equivalent of a "tape measure" protein that regulates the size and shape of the virus. This has been shown in a variant of African swine fever virus (ASFV) with a mutation in a minor capsid proteins (pB438L), which forms filamentous instead of icosahedral particles (Epifano et al., 2006) .
Apart from acting as a scaffold underneath the main capsid layer, the minor proteins also seem to hold the membrane surrounding the viral genome in place. Indeed, the membrane in PBCV-1 follows the icosahedral curvature of the virus when it is in a preinfectious state, but becomes round and detaches from the viral shell upon infection .
Nucleocapsid/internal membrane
A feature shared by all NCLDVs described to date is an internal membrane sac surrounding and protecting the viral DNA. For some viruses, it has been shown that the internal membrane plays an essential role during infection and two examples are described below.
During the infection of Mimivirus, the virus opens at a unique vertex (described later in more detail). The internal membrane then fuses with the phagosomal membrane of the host. Subsequently the viral genome is released into the cell (Suzan-Monti et al., 2007; Zauberman et al., 2008; Mutsafi et al., 2010) . Factors required for the fusion between the internal membrane and the phagosomal membrane remain to be elucidated.
Although there is no direct evidence, several experiments indicate that a similar mechanism is employed by PBCV-1. After digestion of the algae cell wall, the internal pressure of the host cell leads to a close contact between the viral and algae membrane (Kuznetsov et al., 2005; Thiel et al., 2010; Zhang et al., 2011) . The exact mechanism for how the membranes fuse is also unknown in this case.
Mimivirus as well as PBCV-1 shows a depression of the internal membrane sac opposite of the unique vertex, thereby creating an empty pocket in cryo-EM reconstructions. However, it is rather unlikely that this pocket is purely water. Its components are probably not ordered and can therefore not be visualized when enforcing symmetry during the cryo-EM reconstruction process. Atomic force microscopy (AFM) studies of broken Mimivirus particles showed several long fibers with a diameter of about 60 and 70 Å unit repeats along the fibers Kuznetsov et al., 2010; Kuznetsov and McPherson, 2011) . Possibly these fibers support the viral membrane. No internal fibers have been described for PBCV-1.
Both Mimivirus and PBCV-1 have a unique vertex where the membrane becomes separated from the capsid (Figure 3) . Meanwhile, viruses that lack a unique vertex, such as CIV, ASFV, and PpV01, lack a space between the viral membrane and the outer capsid.
Outer decorations/fibers
Many giant viruses have decoration proteins associated with the viral capsid as, for example, surface fibers.
Mimivirus has a dense layer of fibers that covers the complete virion, with the exception of the special "stargate" vertex (see below) (Xiao et al., 2005 Zauberman et al., 2008; Kuznetsov et al., 2010) . It is currently not known what role the fibers play in the viral life cycle. However, the viral fibers can be stained Gram-positive and, therefore, mimic the chemical composition of the outer shell of bacteria . It has been hypothesized that these properties increase the chance of Mimivirus-like bacteria to be ingested by amoebal hosts. Apart from the actual fiber proteins, additional proteins have been identified on the outside of Mimivirus, namely R135, L725, and L829 (Boyer et al., 2011) . R135 has been broadly classified as a glucose-methanol-cholesterol oxidoreductase (Renesto et al., 2006) , whereas the remaining two proteins have no known homologues. R135 might also function as the "receptor" of Sputnik, the virophage that coinfects with Mimivirus, and there is some evidence that it attaches to the fibers of Mimivirus with the help of R135 (La Scola et al., 2008; Boyer et al., 2011) .
Analysis of the Pandoravirus genome does not suggest a homologue to the NCLDV MCP (Philippe et al., 2013) . Instead, its oval-shaped outer shell seems to be composed of a homologue to L829 in Mimivirus. As mentioned above, L829 has no known homologues and its structure is unknown.
PBCV-1 does not have a dense layer of fibers around the capsid, but cryo-EM reconstructions and AFM studies have shown that the capsid is decorated with some small fibers (Kuznetsov et al., 2005; Cherrier et al., 2009; Zhang et al., 2011) . A 5-fold averaged map of the PBCV-1 virion shows that one specific capsomer in each trisymmetron forms the base of a fiber that extends 60 Å, then bends at a 90° angle, and extends for at least another 130 Å. Comparison of this specific capsomer with neighboring capsomers suggests that the protein sitting at the base of the fiber is not identical to the MCP VP54 but likely a homologue with high sequence similarity . Although the role of the fibers is not clear, it is likely that the fibers attach to the cell wall of algae during infection. This event is possibly comparable to the initial attachment utilized by several bacteriophages such as T4 (Leiman et al., 2010) .
Other members of the NCLDVs also possess fibers. CIV has a 40-nm-long fiber of unknown identity tightly associated with every capsomer ) and PbV01 has 60 fibers, three per icosahedral facet, that are associated with a unique capsomer (Yan et al., 2005) . The exact function of these fibers is unknown, but it is possible that these help the virus during attachment or carry some kind of receptor recognition site(s).
Unique vertices
Studies by cryo-EM or AFM of some giant viruses revealed the presence of a unique 5-fold vertex, which plays an important role during infection. The unique vertex in Mimivirus has been termed stargate or starfish, referring to its appearance (Xiao et al., 2005; Zauberman et al., 2008) (Figure 3 ). As described above, this unique structure is the only part of the virus that is not covered by fibers. Instead, it is elevated in comparison to the underlying capsid shell but seems to be tightly connected to the adjacent capsomers. The seam between the faces at the unique vertex is covered with a protein or protein complex that holds the stargate closed and probably needs to be removed before infection can occur (Kuznetsov et al., 2010) . The stargate therefore has to strike the fine balance between a stable structure that is able to protect the genome from an early and unproductive release and the exact timing when the release needs to be triggered. The stargate is also the site of assembly, as has recently been demonstrated by AFM and EM studies (Kuznetsov et al., 2013; Mutsafi et al., 2013) . Virus assembly nucleates at the tip of the stargate and the arms are assembled from this initial point. Subsequently, the space between the arms and points defining the remaining 5-fold vertices of the virus are filled with capsid protein. This order of events makes sense, as it would probably be almost impossible to close an open stargate after packaging the viral genome in a systematic fashion.
The second virus with a well-characterized unique vertex is PBCV-1. The virus has a 34-nm-long spike sitting at a 5-fold axis that is responsible for binding and attachment. It has been shown that A140/145R is the protein placed on the top of the spike. Parts of this protein are responsible for recognizing sugars on the cell wall of algae. Variations in the sequence of A140/145R and its equivalent proteins in different Phycodnaviridae can be correlated with host specificity (Onimatsu et al., 2004 (Onimatsu et al., , 2006 . A small compartment has been identified below the spike that sits within the capsid shell and likely contains enzymes to digest the cell wall during infection (Figure 3 ). Additionally, as described above, minor capsid proteins that are distributed throughout the virion and probably aid in stabilizing the capsid shell are missing underneath the unique 5-fold axis. The membrane sac containing the viral genome does not extend into this vertex. Upon infection, the virus shell disassembles directly underneath the spike and the membrane containing the viral genome is delivered into the host cell. PBCV-1 has therefore evolved a localized weakness in its capsid shell, which enhances infection. Whether this unique vertex is also the point of assembly, as is the case in Mimivirus, remains to be determined.
Outlook
Although our knowledge of the structure and life cycle of NCLDVs has improved significantly during recent years, there are still many remaining questions. What controls the size of the viral capsids and what role do minor capsid proteins play in assembly and stability? Are the internal viral membranes held in place by the capsid protein or does the virus assemble around the membrane with the minor capsid proteins acting as assembly points? How did the viral shell evolve? This is a question that is of special interest in combination with the recent discovery that Pandoravirus does not encode a double jelly-roll fold protein. With the help of future structural investigations and the improvement in cryo-EM techniques, it should be possible to answer these question and shed more light on the evolution of these large viruses.
